Schwann cell injury is caused by diabetic neuropathy. The apoptosis of Schwann cells plays a pivotal role in diabetic nerve dysfunction. Glycolaldehyde is a precursor of advanced glycation end products that contribute to the pathogenesis of diabetic neuropathy. In this study, we examined whether glycolaldehyde induces endoplasmic reticulum (ER) stress and apoptosis in rat Schwann cells. Schwann cells treated with 500 M glycolaldehyde showed morphological changes characteristic of apoptosis. Glycolaldehyde activated apoptotic signals, such as caspase-3 and caspase-8. Furthermore, it induced ER stress response involving RNA-dependent protein kinase-like ER kinase (PERK), inositol-requiring ER-tonucleus signal kinase 1␣ (IRE1␣), and eukaryotic initiation factor 2␣ (eIF2␣). In addition, glycolaldehyde activated CCAAT/enhancer-binding homologous protein (CHOP), an ER stress response factor crucial to executing apoptosis. Knockdown of nuclear factor E2-related factor 2 (Nrf2), which is involved in the promotion of cell survival following ER stress, enhanced glycolaldehyde-induced cytotoxicity, indicating that Nrf2 plays a protective role in the cytotoxicity caused by glycolaldehyde. Taken together, these findings indicate that glycolaldehyde is capable of inducing apoptosis and ER stress in Schwann cells. The ER stress induced by glycolaldehyde may trigger the glycolaldehyde-induced apoptosis in Schwann cells. This study demonstrated for the first time that glycolaldehyde induced ER stress.
Introduction
Glycolaldehyde (GA), a highly reactive ␣-hydroxyaldehyde, is formed from glycated proteins during hyperglycemia and plays an important role in the production of advanced glycation end products (AGEs) [1] . During the glycation of proteins leading to AGE formation, dicarbonyl compounds, such as methylglyoxal (MG), glyoxal, and 3-deoxyglucosone, are produced as intermediates, as well as GA [2] . It is reported that AGEs are associated with diabetic complications, including neuropathy, retinopathy, and nephropathy [3] . However, it is unknown whether GA is implicated in the pathogenesis of diabetic complications. Diabetic neuropathy is one of the most common long-term complications in diabetes mellitus patients [4] [5] [6] . The apoptosis of Schwann cells plays a pivotal role in diabetic nerve dysfunction [7, 8] ; it leads to demyelination and abnormal structure formation around degraded nerve fibers [9, 10] . It is reported that AGEs and MG induce apoptosis in Schwann cells [7, 8, 11] . In our previous report, we demonstrated that GA decreased the viability of rat Schwann cells [12] . Moreover, GA had a greater effect on Schwann cells than dicarbonyl compounds, such as MG. However, it is unknown how GA causes the cytotoxicity in Schwann cells.
Apoptosis plays a substantial role in development, homeostasis, and disease processes, including diabetes mellitus and diabetic complications [13, 14] . Oxidative stress is a well-known mediator of apoptosis [15] . There are several reports indicating that AGEs and MG induce apoptosis via oxidative stress [7, 8, 11] . However, almost nothing is known about whether GA causes apoptosis or not. There is only one report showing that GA induces apoptosis via oxidative stress in breast cancer cells [16] . On the other hand, we have reported that oxidative stress is not a major contributor to the GAinduced cytotoxicity in Schwann cells [12] . Endoplasmic reticulum (ER) stress was found to be involved in the induction of apoptosis that occurs in a wide range of metabolic diseases, including diabetes mellitus [17] . The protein involved in the ER-stress-mediated apoptosis pathway is CCAAT/enhancer-binding homologous protein (CHOP), also termed growth-arrest and DNA-damage inducible gene 153 (GADD153) [18, 19] . However, the effect of GA on ER stress is unknown.
ER is the key organelle where newly synthesized proteins form correct tertiary structures by posttranslational modification, folding, and oligomerization [20] . Such abnormalities as unfolded protein accumulation in the ER are collectively called ER stress [21] . There are three major transducers for sensing ER stress in the ER: RNA-dependent protein kinase-like ER kinase (PERK), inositol-requiring ER-to-nucleus signal kinase 1 (IRE1), and activating transcription factor 6 (ATF6). The proapoptotic pathway involving the CHOP transcription factor is induced via PERK and IRE1 [22] . Moreover, PERK activates the transcription factor nuclear factor E2-related factor 2 (Nrf2) [23, 24] , a protein that contributes to cellular redox homeostasis by regulating antioxidant response. Nrf2 activation is implicated in the promotion of cell survival following ER stress [25] . We previously reported that GA induced Nrf2 activation in Schwann cells [12] . It is possible that GA affects ER stress sensors, including PERK.
This study aims to investigate whether GA causes apoptosis and induces ER stress in Schwann cells.
Materials and methods

Materials
GA dimer (G6805; crystalline, mixture of stereoisomers) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM), Dulbecco's phosphate-buffered saline (DPBS), and phosphate-buffered saline (PBS) at pH 7.4 were from Life Technologies (Carlsbad, CA, USA). All other chemicals used were of reagent grade.
Cell culture and treatment with GA
Rat Schwann cells were purchased from Dainippon Sumitomo Pharma (Osaka, Japan). Cell culture was performed according to a previous report [12] . The cells were grown to 80-90% confluence in DMEM containing 10% fetal bovine serum (FBS), l-glutamine (4 mM), penicillin (100 U/ml), and streptomycin (100 g/ml) at 37 • C in a humidified atmosphere of 5% CO 2 and 95% air. Then, the cells were passaged by trypsinization and those between passages 3 and 20 were used.
Before treating Schwann cells with GA, the culture medium was replaced with DMEM containing 2% FBS because serum might include antioxidants that would cause chelation of transition metal ions and high-density lipoproteins [26] . After GA (100-500 M) was added to the medium, the cells were incubated for 0-24 h.
Annexin-V propidium iodide (PI) assay
An Annexin-V-FLUOS Staining Kit (Roche, Penzberg, Germany) was used. Schwann cells treated with GA were collected by trypsinization and centrifugation. The cells were stained with annexin-V-fluorescein and PI, and analyzed under a laser scanning microscope (Carl Zeiss, Oberkochen, Germany) and a flow cytometer (Beckman Coulter, Fullerton, CA, USA). Fluorescence was detected with FL1 and FL2.
Flow cytometric detection of activated caspase-3 and caspase-8
The activation of caspase-3 and caspase-8 was determined by flow cytometry. Schwann cells were treated with GA. The cells were fixed by adding 4% paraformaldehyde. After the cells were washed with PBS, they were permeabilized for 30 min at 4 • C with icechilled methanol. The cells were washed with PBS again and treated with PBS containing 0.5% blocking reagent (GE Healthcare, Buckinghamshire, UK). The cells were incubated with primary antibodies, washed, and stained with secondary antibodies. The primary antibodies used were anti-mouse caspase-3 monoclonal antibody and anti-mouse caspase-8 monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA). The secondary antibody was Alexa Fluor 488-conjugated goat anti-mouse IgG (Cell Signaling Technology). The stained cells were washed with DPBS and analyzed by flow cytometry (Beckman Coulter). Fluorescence was detected with FL1.
Measurement of mRNA
Real-time RT-PCR was performed to measure PERK, IRE1␣, and heme oxygenase-1 (HO-1) mRNA levels. Total RNA from GA-treated cells was extracted with a PureLink ® RNA Mini Kit (Life Technologies) according to the manufacturer's protocol. mRNAs were reverse-transcribed into cDNA with a High-Capacity cDNA Reverse Transcription Kit (Life Technologies). Quantitative RT-PCR was performed with a 7500 Fast Real-Time PCR System (Life Technologies). Primers for rat PERK, rat IRE1␣, and rat HO-1 were purchased from Life Technologies. mRNA levels were obtained from the threshold cycle (Ct) values of PERK, IRE1␣, and HO-1, normalized to that of GAPDH. Relative mRNA levels were expressed as percentage relative to control levels.
Semi-quantitative RT-PCR was performed to measure CHOP mRNA levels. Total RNA from GA-treated cells was extracted with a PureLink ® RNA Mini Kit. Total RNA was reverse-transcribed into cDNA with a High-Capacity cDNA Reverse Transcription Kit. Primer sequences and their respective PCR product lengths were as follows: CHOP Fw, 5 -ACCACACCTGAAAGCAGAAAC-3 ; CHOP Rv, 5 -TCAGTCAGCCAAGCTAGGGA-3 .
Measurement of protein
IRE1␣, eukaryotic initiation factor 2␣ (eIF2␣), and caspase-3 protein levels were analyzed by western blotting. Schwann cells were treated with 500 M GA for 24 h. The cells were washed with DPBS and lysed in radioimmunoprecipitation assay (RIPA) buffer (Pierce, Rockford, IL, USA) containing protease inhibitors. The lysate was centrifuged at 10,000 × g for 15 min, and 15 g of protein in the supernatant was resolved by 6% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins were blotted onto a PVDF membrane. The membrane was incubated with primary antibodies for IRE1␣, eIF2␣, caspase-3, and ␤-actin and with horseradish-peroxidase-conjugated secondary antibodies. Chemiluminescence was detected with an ECL Prime Western blot Detection Kit (GE Healthcare).
PERK, CHOP, and HO-1 protein levels were analyzed by fluorescence microscopy studies. GA-treated Schwann cells were fixed with 4% paraformaldehyde. The cells were incubated with primary antibodies, washed, and stained with secondary antibodies. The primary antibodies used were anti-rabbit PERK monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), antimouse CHOP monoclonal antibody (Santa Cruz Biotechnology), and anti-rabbit HO-1 monoclonal antibody (Cell Signaling Technology), respectively. The secondary antibody was Alexa Fluor 488-conjugated goat anti-mouse IgG (Life Technologies) or Alexa Fluor 488-conjugated goat anti-rabbit IgG (Life Technologies). The stained cells were washed with DPBS and analyzed under a laser scanning microscope.
Hoechst stain
After the Schwann cells were treated with 500 M GA for 24 h, they were washed with DPBS and fixed with 4% paraformaldehyde. Hoechst 33258 was added to the fixed cells, and cells with frag-mented and condensed nuclei, identified as apoptotic cells, were observed under a laser scanning microscope.
Knockdown of Nrf2 with small interfering RNA (siRNA)
The knockdown of Nrf2 was performed according to a previous report [12] . Oligonucleotides directed against rat Nrf2 and control siRNA (Life Technologies) were transfected into Schwann cells by Lipofectamine RNAiMAX (Life Technologies) according to the manufacturer's protocol. Both Nrf2 siRNA and control siRNA were diluted with Opti-MEM medium and then, diluted Lipofectamine RNAiMAX was added. The transfection mixture was incubated at room temperature for 20 min. When the cells reached 30-50% confluence, the culture medium was replaced with DMEM (FBS-free) and the transfection mixture was added to each well. The final concentration of siRNA was 20 nM.
Cell viability
Cell viability assay was carried out according to a previous report [12] . CellTiter 96 ® AQueous One Solution Cell Proliferation Assay (MTS assay) from Promega (Madison, WI, USA) was used. Briefly, Schwann cells on 96-well plates were treated with 500 M GA for 24 h. After the medium was removed, the cells remaining on the 96-well plates were washed with DMEM (FBS-free) and incubated with fresh DMEM (100 L) and MTS assay solution (10 L) at 37 • C for 60 min. Produced MTS formazan was measured at 490 nm with a Bio-Rad Model 680 microplate reader (Hercules, CA, USA).
Statistical analysis
All experiments were performed independently at least three times. Data were combined and expressed as means ± SD. Statistical significance between two groups was evaluated using the Student's t-test. A value of p < 0.05 was considered significant.
Results
GA induces apoptosis in Schwann cells
We first examined whether GA induces apoptosis in Schwann cells. Noticeable features of apoptosis included externalization of phosphatidylserine and chromatin condensation. We examined the binding of fluorescein-labeled annexin-V to externalized phosphatidylserine by confocal laser microscopy to detect early apoptotic cells, and measured PI uptake to assess cells in the late stages of apoptosis or cells that sustained direct plasma membrane damage. Schwann cells were treated with 100-500 M GA for 24 h. Early apoptotic cells (annexin-V+, PI−) and late apoptotic cells (annexin-V+, PI+) were observed in the cells treated with 500 M GA (Fig. 1A) . The fluorescence intensities of annexin-V and PI in the GA-treated cells were increased by approximately 3.0-fold and 3.5-fold, respectively, compared with that of control cells. We also performed flow cytometric analyses and defined stained cell populations as follows: A, viable or undamaged cells (annexin-V−, PI−); B, early apoptotic cells (annexin-V+, PI−); and C, late apoptotic cells (annexin-V+, PI+). Compared with control, GA increased the numbers of early apoptotic cells (B) and late apoptotic cells (C) in a time-dependent manner (Fig. 1B) .
Next, we examined the effect of GA on caspase-8 and -3 activities. Fig. 2A and B shows the results of flow cytometric analyses with anti-caspase-8 antibody. The fluorescence intensities of Schwann cells treated with 500 M GA for 24 h were shifted to the right side of the panel compared with that of control. The fluorescence intensities of the GA-treated Schwann cells incubated with anticaspase-8 showed an approximately 3.5-fold increase compared with that of control cells. Caspase-3 is a critical executioner of apoptosis. When Schwann cells were treated with 500 M GA for 24 h, the fluorescence intensities were shifted to the right side of the panel compared with that of control (Fig. 2C) . The fluorescence intensities of the GA-treated Schwann cells incubated with anticaspase-3 were increased by approximately 2.8-fold compared with that of control cells (Fig. 2D) . In addition, western blot analysis revealed a marked increase in cleaved caspase-3 protein levels in Schwann cells treated with GA ( Fig. 2E and F) . These results suggest that GA induces apoptosis in Schwann cells.
Effect of GA on ER stress sensors
ER stress response is mediated by such membrane receptors as PERK and IRE1␣. PERK and IRE1␣, both ER stress sensors, are activated by phosphorylation. We examined the effect of GA on the ER stress sensors in Schwann cells. When Schwann cells were treated with 500 M GA for 24 h, PERK was phosphorylated (Fig. 3A) . However, GA had no effect on PERK mRNA levels (Fig. 3B) . In contrast, GA induced the phosphorylation of IRE1␣ and increased IRE1␣ mRNA levels ( Fig. 3C and D) . These results indicate that GA activates ER stress sensors in Schwann cells. The majority of PERK signaling is mediated by the phosphorylation of eIF2 [27] . Fig. 3E demonstrates that GA induced the phosphorylation of eIF2␣. CHOP is one of the components of the ER-stress-mediated apoptosis pathway. CHOP expression is induced via IRE1 and PERK signaling [28] . GA increased CHOP protein levels and the translocation of CHOP to the nucleus, resulting in the activation of CHOP (Fig. 3F) . In addition, GA increased CHOP mRNA levels (Fig. 3G ).
Effect of Nrf2 on GA-induced cytotoxicity
Nrf2 activity has been implicated in the promotion of cell survival following ER stress [29] . We previously reported that GA induced Nrf2 activation in Schwann cells [12] . In this study, GA at 500 M predominantly increased HO-1 protein and mRNA expression levels ( Fig. 4A and B) . HO-1 is a typical Nrf2 target gene that has been shown to protect cells from a variety of pathologies [30] . As shown in Fig. 4C , the knockdown of Nrf2 by siRNA enhanced GA-induced cytotoxicity, indicating that the Nrf2 system plays a protective role in the cytotoxicity caused by GA.
Discussion
GA levels are increased during inflammation and hyperglycemia [31] . In addition, during inflammation, GA is the major product of l-serine oxidation by myeloperoxidase [32] . Although plasma GA level has not been quantified, it is considered that its physiological concentration is of mM order [33] based on several in vitro studies demonstrating GA-induced cytotoxicity at that concentration [33] [34] [35] . The present study revealed that GA at 500 M caused apoptosis in Schwann cells. Furthermore, treatment of Schwann cells with GA resulted in the activation of PERK, eIF2␣, IRE1␣, and CHOP.
Apoptosis, or programmed cell death, is one of the results of stress. In this study, Schwann cells treated with 500 M GA exhibited morphological changes indicative of apoptosis in a timedependent manner (Fig. 1B) . In the same condition, GA induced caspase-8 and caspase-3 activation (Fig. 2) . In addition, Hoechst staining revealed nuclear condensation in GA-induced apoptotic cells (Fig. 3F) . These results indicate that GA causes apoptosis in Schwann cells. Similar to GA, MG is a potent precursor of AGEs. Studies have proved that MG induces apoptosis in some cell lines, including HL-60 [36] and U937 [37] . MG-induced apoptosis is caused by oxidative stress due to mitochondrial injury [7, 11] . We also reported that MG induced ROS production and caused apoptosis in bovine aortic endothelial cells [38, 39] . In breast cancer cells, GA induced apoptosis via oxidative stress [16, 40] . However, we found that oxidative stress was not a major contributor to the GA-induced loss of viability in Schwann cells. GA did not increase the fluorescence of ROS probes [12] . In addition, GA did not change mitochondrial membrane potential (data not shown), although mitochondria are a significant source of ROS. It was found in a recent study that heme degradation by heme oxygenase protected mitochondria but induced ER stress [41] . This finding supports our results that GA induces ER stress and HO-1. Therefore, oxidative stress is likely not implicated in the GA-induced apoptosis in Schwann cells. These results suggest that the GA-induced apoptosis in Schwann cells has a different mechanism from that in breast cancer cells.
It was demonstrated that AGE3, a GA-derived AGE, induced apoptosis in chondrocytes [42] . We were concerned about whether GA directly induced apoptosis in Schwann cells. The intracellular accumulation of AGEs in chondrocytes requires incubation of the cells with GA for more than 24 h [42] . An increase of annexin-V fluorescence in Schwann cells was observed upon incubation with GA for 8 h (Fig. 1B) . Moreover, in our previous work, we found that GA decreased the viability of Schwann cells after incubation for 8 h [12] . These results suggest that not AGE3 but GA directly induces apoptosis in Schwann cells. On the other hand, glyoxal was found to be the major metabolite of GA [34, 43] . Glyoxal did not affect Schwann cells even if it was formed under our experimental conditions. We demonstrated that 500 M glyoxal had no effect on Schwann cell viability [12] . ER stress is characterized by the activation of ER stress sensors (PERK, IRE1, and ATF6), thereby resulting in the unfolded protein response and the subsequent induction of apoptosis [44] . It is known that ER stress is induced by AGEs and not by the intermediates of AGEs. There is only one report indicating that MG induces ER stress in human lens epithelial cells [45] . In this study, we revealed that GA induced the phosphorylation of PERK, eIF2␣, and IRE1␣, and activated CHOP (Fig. 3) . These results indicate that GA is capable of inducing ER stress in Schwann cells. ER stress is caused by the accumulation of unfolded proteins. GA likely contributes to the accumulation of unfolded proteins without ROS generation.
CHOP, an ER stress response factor crucial to executing apoptosis, is located downstream of PERK and IRE1 [22] . PERK/eIF2 mainly induces the CHOP pathway [20] . Moreover, the DR5/caspase-8 pathway is one of the CHOP-induced apoptosis pathways [46, 47] . The caspase-8 pathway is one of the major routes in ER-stressinduced apoptosis [48, 49] . We demonstrated that GA induced CHOP activation (Fig. 3F and G) . In addition, we found that GA induced caspase-8 and caspase-3, the key executioners of apoptosis ( Fig. 2A-F) . These results suggest that ER stress induced by GA participates in the GA-induced apoptosis in Schwann cells. Apoptosis induced by ER stress is involved in the activation of the cJUN NH2-terminal kinase (JNK) pathway, which is mediated by the formation of the IRE1-TNF receptor-associated factor 2-apoptosis signal-regulating kinase 1 complex [50, 51] . These reports support the possibility that GA-induced ER stress is involved in the apoptosis, because GA induced the activation of IRE1␣ (Fig. 3C and  D) .
ER stress is one of the contributors to Nrf2 activation. Nrf2, a bZIP transcription factor, dissociates from its cytoplasmic inhibitor Kelch-like ECH-associated protein 1 and binds to a cis-element antioxidant response element in its target gene promoter [52] [53] [54] . Nrf2 plays a significant role in protecting cells from endogenous and exogenous stress [55] [56] [57] . HO-1 is representative enzyme that is regulated by Nrf2 [30, 57] . We confirmed that HO-1 mRNA and protein levels were markedly increased by GA (Fig. 4A and B) . We also reported that GA induced an increase in Nrf2 mRNA and nuclear levels in Schwann cells [12] . Moreover, the GA-induced cytotoxicity was enhanced in Nrf2 knockdown cells (Fig. 4C) . These results suggest that Nrf2 activated by GA plays a protective role in the cytotoxicity. It was reported that Nrf2 was activated by the phosphorylation of PERK [24] . Moreover, one study revealed that PERK-dependent Nrf2 activation was implicated in cell survival [23] . Because GA caused the phosphorylation of PERK, as shown in Fig. 3A , this phosphorylation of PERK might be participating in not only the apoptosis regulated by CHOP but also the cytoprotection promoted by Nrf2. A model has been proposed in which PERK senses the accumulation of unfolded proteins in the ER and activates both Nrf2 and eIF2 [29] . That report supports our findings, because GA caused the phosphorylation of eIF2␣ (Fig. 3E) .
We previously reported that GA at near-physiological concentration caused cytotoxicity in Schwann cells. In the present study, we demonstrated for the first time that GA at the same concentration induced ER stress and caused apoptosis in rat Schwann cells. At present, it is not clear whether these findings are observed in other cell lines. Further investigations are needed to examine ER stress and apoptosis caused by GA in other cell lines, including human. ER stress is a novel therapeutic target because it is implicated in the pathogenesis of various diseases, including neurodegenerative diseases, metabolic diseases, and cancers [58] [59] [60] . GA may be participating in the development of these diseases associated with ER stress.
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